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ABSTRACT
We present the first results obtained by the application of the KYNREFREV-reverberation
model, which is ready for its use in XSPEC. This model computes the time dependent re-
flection spectra of the disc as a response to a flash of primary power-law radiation from a
point source corona located on the axis of the black hole accretion disc (lamp-post geome-
try). Full relativistic effects are taken into account. The ionisation of the disc is set for each
radius according to the amount of the incident primary flux and the density of the accretion
disc. We tested the model by fitting model predictions to the observed time-lag spectra of
three Narrow-Line Seyfert 1 galaxies (ARK 564, MCG-6-30-15 and 1H 0707-495), assuming
either a rapidly or zero spinning black hole (BH). The time-lags strongly suggest a compact
X-ray source, located close to the BH, at a height of ∼ 4 gravitational radii. This result does
not depend either on the BH spin or the disc ionization. There is no significant statistical dif-
ference between the quality of the best-fits in the rapidly and zero spinning BH scenarios in
Ark 564 and MCG-6-30-15. But there is an indication that the hypothesis of a non-rotating
BH in 1H 0707-495 is not consistent with its time-lag spectrum. Finally, the best-fits to the
Ark 564 and 1H 0707-495 data are of rather low quality. We detect wavy-residuals around the
best-fit reverberation model time-lags at high frequencies. This result suggests that the sim-
ple lamp-post geometry does not fully explain the X-ray source/disc configuration in Active
Galactic Nuclei.
Key words: black hole physics – galaxies: active – X-rays: galaxies.
1 INTRODUCTION
The widely accepted picture of the origin of the X-ray emission
from Active Galactic Nuclei (AGN) is that soft thermal photons
emitted from the accretion disc are upscattered to keV energies
by hot electrons in a region which is commonly referred to as the
X–ray “corona”. The upscattered X-ray photons form a power-law
shaped continuum spectrum (with a photon index of Γ ∼ 2), often
called the primary X-ray radiation. Part of the power-law emission
may be reflected from distant matter (torus or clouds in the Broad
Line Region – BLR) or by the accretion disc, forming the addi-
tional “reflection component” in the overall spectrum. The main
features of this component are: (i) The Fe Kα line in the 6-7 keV
band (depending on the ionization of the reflecting material) which
may be broadened, if reflection arises from the inner accretion disc.
In this case the line will be relativistically smeared and its shape
⋆ E-mail: garcia@asu.cas.cz
can be used as a diagnostic of the geometry of the accretion flow
(e.g. Fabian et al. 1999). (ii) X–ray photons with energy larger than
50–100 keV are Compton downscattered, and produce an excess
of photons in the 10–50 keV range, which is commonly referred
to as the ’Compton hump’. (iii) If the inner disc is mildly ionized,
we expect numerous emission lines at energies 62 keV. If they are
relativistically smeared, then a smooth component should be ob-
served, in excess to the power-law like continuum emission (e.g.
Ross & Fabian 2005). This feature could explain the “soft-excess”
that is observed in many Seyfert galaxies.
The “negative” X-ray time-lags (i.e. soft-band variations lag-
ging the hard band variations observed at frequencies higher than
∼ 10−3 Hz) that have been detected in many Seyferts during the
last few years have triggered a great deal of scientific interest on
interpreting their nature. The first, tentative, detection was in AGN
Ark 564 (McHardy et al. 2007), where an origin in reflection from
the accretion disc was proposed. The first statistically significant
detection came from 1H 0707-495 (Fabian et al. 2009). Since then,
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such X-ray time-delays have been detected in many AGN (e.g.
Emmanoulopoulos et al. 2011; De Marco et al. 2013; Kara et al.
2016). Positive X-ray time-delays (i.e. hard-band variations lag-
ging the soft band variations, observed mainly at lower frequen-
cies), have also been observed for quite some time in both AGN
(e.g. Papadakis et al. 2001; McHardy et al. 2004; Are´valo et al.
2006) and X-ray binaries (e.g. Miyamoto & Kitamoto 1989;
Nowak & Vaughan 1996; Nowak et al. 1999).
So far, the main result from the study of the negative, high-
frequency time-lags is that their amplitude is small. This implies a
short distance between the X-ray source and the reflective medium.
In many cases, the delays are so small that, if they depend on dis-
tance only, the X-ray source should be located at just a few grav-
itational radii (rg = GM/c2) on top of a disc that rotates around
a rapidly spinning BH. However, although the absolute amplitude
of the reverberation time-lags does depend on the height of the X-
ray source (for a given BH mass), the observed time-lag amplitude
also depends on “dilution” effects (i.e. the amount of the reflec-
tion component that is present on both energy bands that are cross-
correlated) as well as on the amplitude of the continuum hard band
time-lags. Definite conclusions regarding the geometry of the in-
ner region in AGN (i.e. the X-ray source height and inner radius of
the accretion disc) can only result from proper model fitting of the
observed time-lag spectra.
Theoretical modeling of the observed time-lag spectra, taking
into account relativistic effects, has been performed a few times
so far. Cackett et al. (2014) modeled the time-lags between the
5 − 6 keV and 2 − 3 keV bands in NGC 4151. They assumed the
lamp-post geometry (where the point-like source of irradiating hard
X-ray photons is located at a height, h, above the BH; first proposed
by Martocchia & Matt 1996). They considered only a slowly ro-
tating and a rapidly spinning Kerr BH (spin parameter a=0 and
a = 0.998, respectively), and they studied the response of the 6.4
keV photons only. Emmanoulopoulos et al. (2014, ; E14 hereafter)
performed a systematic model fitting of the time-lags between the
0.3 − 1 and 1.5 − 4 keV bands for 12 AGN. They also assumed
the lamp-post geometry, and the calculated time-lags taking into
account the full reflection spectrum (in the case of a neutral disc).
Epitropakis et al. (2016a, ; EP16a hereafter) used a similar model
to study the Fe-Kα time-lags (as a function of frequency) of a sam-
ple of AGN. They applied a new method to estimate the time-lags
(Epitropakis & Papadakis 2016b, ; EP16b hereafter), and included
all dilution effects. Recently, Chainakun et al. (2016) performed a
simultaneous fitting of the time-averaged spectrum and the time-
lags/energy spectrum in Mrk 335, IRAS 13224-3809 and Ark 564,
using XMM-Newton data. They computed the time-lags considering
the full reflection spectrum in the case of an ionized disc, including
dilution effects.
In this work, we study the time-lags between 0.3–1 and 1–10
keV (as a function of frequency) of three AGN, namely Ark 564,
MCG-6-30-15 and 1H 0707-495. These are X-ray bright and highly
variable sources, and are among the most frequently observed AGN
by XMM-Newton (net exposure > 600 ksec, for all objects). We
focus exclusively on time-lags, although the variability amplitude
(i.e. the modulus of the cross-spectrum) can also be very constrain-
ing (see e.g. Mastroserio et al. 2018). Ideally, we should model
both the lags and amplitude, as well as the time-averaged spectrum,
but this is a much more complicated work, which we leave for the
future. We used the method of EP16b to compute the time-lags.
The resulting time-lag spectra are of the highest possible quality, in
terms of signal-to-noise ratio, they are unbiased, with known errors,
and can be used to fit models to the data following traditional, χ2-
minimization techniques. We then applied a new model, namely
KYNREFREV (Dovcˇiak et al. 2018, in prep.). The model estimates
the theoretical time-lags between any two energy bands (from 0.1
up to 100 keV) as a function of frequency and the time-lags (at a
constant frequency) as a function of energy. The model assumes
the lamp-post geometry, it takes into account all the relativistic and
dilution effects, as well as the disc ionization. Moreover, the model
is the first of its kind, as it can be used within XSPEC (Arnaud et al.
1996)1, to fit the observed time-lag spectra in the same way that
other models are used in XSPEC to fit the X-ray energy spectra.
In Sec. 2 we describe the data and the sample and in Sec. 3
the time-lag estimation. In Sec. 4 we show a brief description of
the data reduction and subsequent analysis with XSPEC. Further-
more, Sec. 4 provides the results obtained using the model. Finally,
in Sec. 5 we discuss our results and give some clues into future
developments of the code.
2 DATA ANALYSIS
We chose Ark 564, MCG-6-30-15 and 1H 0707-495 because
they are X-ray bright and highly variable AGN. They have been
observed repeatedly with XMM-Newton, totalling 0.6, 0.7 and
1.3Msec of net exposure, respectively (see EP16a). We focused on
the data provided by the XMM-Newton satellite because of its high
sensitivity, large collecting area and high bandpass (0.3 − 10 keV)
of its detectors, as well as its ability to continuously observe an
X-ray source for long periods of time (up to 40 h), which allows
accurate determination of time-lags over a wide frequency range.
We provide a summary of the X–ray properties of these sources in
Sec. 2.
The details of the XMM-Newton observations we used in this
work are listed in Tab. 1 of Epitropakis & Papadakis (2017, ; EP17
hereafter). The data reduction process is described in Sec. 2 of the
same paper. Briefly, we considered EPIC−pn data only, and we pro-
cessed them with the Scientific Analysis System (SAS, v. 14.0.0;
Gabriel et al. 2004). Source and background light curves were ex-
tracted from circular regions on the CCD, of a fixed radius of 800
pixels centred on the source coordinates listed on the NASA/IPAC
Extragalactic Database. We extracted source and background light
curves with a bin size of 10 sec, using the SAS command evse-
lect, in the 0.3–1 and 1–10 keV bands. We expect the presence of a
strong reflection component in the former band in the case of X-ray
reflection from ionized material. The higher energy band should be
representative of the continuum component variations, mainly. It
should also include the iron line photons as well, therefore we ex-
pect dilution effects to affect the observed time-lags. Nevertheless,
we chose to use this broad band in order to increase the signal-to-
noise ratio of the time-lag estimates. In any case, our theoretical
model takes into account dilution effects.
Detailed description of the photon extraction from the events
files, as well as the search for pile-up and the background subtrac-
tion can be found in EP17. There are a few missing points in the
resulting light curves, mostly randomly distributed throughout the
duration of an observation. In some cases they appeared in groups
of less than ∼ 10 points. We replaced these points by a linear inter-
polation, with the addition of the appropriate Poisson noise.
1 The model code is publicly available at
https://projects.asu.cas.cz/stronggravity/kynreverb/. When in the site,
go to Readme, for a detailed model description, and extensive instructions
to download, use the code etc.
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2.1 The sample
ARK 564 (z = 0.02468) shows the typical characteristics of a Nar-
row Line Seyfert I (NLS1): steep X-ray spectrum, a strong soft ex-
cess, and rapid variability. It also has the benefit of being extremely
bright in the soft X-ray band (F0.3−10 keV = 1.4 × 10−10 erg/s/cm2;
Kara et al. 2013b). Because of these qualities, it has been observed
by all the major X-ray observatories, including XMM-Newton,
Suzaku and NuSTAR (Kara et al. 2017). A low-ionization warm
absorber has been detected in the X–ray spectrum of the source
(e.g. Papadakis et al. 2007; Tombesi et al. 2010; Laha et al. 2014;
Giustini et al. 2015). Previous analysis of the X-ray continuum with
XMM-Newton data have found photon indices of Γ ∼ 2.4 − 2.5
(Papadakis et al. 2007; De Marco et al. 2009), also confirmed by
NuSTAR (Kara et al. 2017).
Ark 564 was the first source where negative time-lags were,
tentatively, detected (McHardy et al. 2007). Kara et al. (2013b)
measured its lag-energy spectrum at different temporal frequencies.
They found that low-frequency lags (∼ 10−5 −10−4 Hz) show a fea-
tureless log-linear increase with energy, while the high-frequency
lags (∼ 10−4 − 10−3 Hz) showed clear evidence for iron K rever-
beration. The soft-vs-continuum time-lags of this source have been
fitted by E14 and Chainakun et al. (2016), while the iron line vs.
the continuum time-lags have been fitted by EP16a. They found
values for the height of the lamp-post of h = 4.6+0.9−0.7, 5.0
+0.6
−0.1, > 28 rg
(E14,Chainakun et al. 2016 and EP16a, respectively). For the spin
of the BH, E14 estimated a value of a = 0.05+0.45, Chainakun et al.
(2016) froze it to a = 0.998 and EP16a found that it could not be
constrained. The inclination angle of the inner accretion disc was
found to be θ0 = 58−12, 45±1 deg.
MCG 6-30-15 is a well-studied NLSI galaxy and it was
the first source where a broad iron K emission line was de-
tected (Tanaka et al. 1995). Since the initial discovery with ASCA,
the source has been observed several times with a number
of instruments, and its X–ray spectrum has been well stud-
ied (Guainazzi et al. 1999; Wilms et al. 2001; Fabian et al. 2003;
Vaughan et al. 2004; Brenneman & Reynolds 2006; Miller et al.
2007; Miniutti et al. 2007; Turner et al. 2007; Marinucci et al.
2014). It shows clear evidence for warm absorbers (Otani et al.
1996; Lee et al. 2001; Turner et al. 2003, 2004). Recent studies,
using simultaneous XMM-Newton and NuSTAR data, have shown
that the spectral slope of the continuum power-law is Γ ∼ 2.1
(Marinucci et al. 2014).
The X-ray time-lags in this source were originally studied us-
ing the first 300 ks observation by Emmanoulopoulos et al. (2011),
who found a significant soft-lag at high frequencies and a hard-lag
at low frequencies. Modeling of the soft and the iron-line vs. the
continuum lags have revealed a height of the lamp-post to be of
h = 2.9+0.4−0.7, < 3 rg (E14 and EP16a, respectively) and a BH spin
of a = 0.98−0.26 (E14). The inclination angle of the inner accretion
disc was found to be θ0 = 35+11−8 deg. (E14). Kara et al. (2014) found
evidence of time-lags changing within two XMM-Newton observa-
tions, which might indicate a varying corona.
1H 0707-495 (z = 0.0411) shows a dramatic drop in flux
at 7 keV in its time-integrated spectrum (Boller et al. 2002).
This feature suggests the presence of relativistic reflection ef-
fects (Fabian et al. 2004). Fabian et al. (2009) found from a 500 ks
XMM-Newton that the residuals to a phenomenological continuum
model contain both the broadened iron K and iron L emission lines.
Mizumoto et al. (2014) proposes another model to interpret these
features based on the partial covering model. Previous analysis of
the X-ray continuum with data from XMM-Newton provide pho-
ton indices in the range of Γ = 2.5 − 2.9 (Dauser et al. 2012).
Optical reverberation studies have given a BH mass estimate of
MBH = (5.2±3.2)×106 M⊙ (Pan et al. 2016).
Fabian et al. (2009) and Zoghbi et al. (2010) showed that the
high-frequency variations in the 0.3–1 keV lag behind those in
the 1–4 keV band by ∼ 30 s. This was the first significant detec-
tion of negative time-lags in AGN. These authors interpreted this
short timescale lag as the reverberation time delay between the
primary-emitting corona and the inner accretion disc. This short
time delay would put the corona at a height of < 10 rg from the
accretion disc. Later, a short timescale lag was also found in the
iron K band using the 1.3 Ms of archival XMM-Newton data on
the source (Kara et al. 2013a). Model fits of the soft and the iron-
line vs. the continuum time-lag spectra have resulted in best-fit val-
ues of h = 2.4+0.6−0.3, < 20 rg, for the height of the lamp-post (E14
and EP16a, respectively) and a BH spin of a = 0.32+0.24−0.22 (E14).
The inclination angle of the inner accretion disc was found to be
θ0 = 27+9−5 deg. (E14). Done et al. (2016) propose the possibility
that this AGN could have a low BH spin.
3 TIME LAGS ESTIMATION
We computed the time-lag spectra of each source following the
method of EP16b. First, we divided the available light curves in
each energy band into m segments of duration T = 20 ksec (the
number of segments is listed in Tab. 2 of EP17). For a given pair
of segments we used standard Fourier techniques to calculate the
so-called cross-periodogram at frequencies νp = p/N∆t, where
p = 1, 2, . . . ,N/2 (N, is the total number of points in each seg-
ment). Our final estimate for the cross-spectrum (CS), Cˆx,y(νp), was
the mean of them individual cross-periodograms at each frequency.
We did not average over neighbouring frequencies, as this can in-
troduce a bias at low frequencies (EP16b)2. We only considered
frequencies lower than half of the Nyquist frequency, to avoid the
effects of the light-curve binning on the time-lag estimates.
Following standard practise, we used the following equations
in order to compute the observed time-lags and their error:
τˆxy(νp) ≡
1
2πνp
arg[Cˆxy(νp)] (1)
and,
σˆτˆ(νp) ≡
1
2πνp
1√
2m
√
1 − γˆ2xy(νp)
γˆ2xy(νp)
. (2)
The quantity γˆ2xy in the equation above is the estimate of the so-
called coherence function, which is defined as:
γˆ2xy(νp) ≡
|Cˆxy(νp)|2
Pˆx(νp)Pˆy(νp)
. (3)
Pˆx(νp) and Pˆy(νp) are the traditional periodograms of the two light
curves, which are also calculated by averaging over the same m
2 We note that, apart from smoothing, time lags may also be biased due to
light curve binning and the finite light curve duration (i.e. due to red noise
effects). All these effects actually affect first the real and imaginary parts of
the complex cross spectrum, as we have shown in EP16b. We suspect that
the real and imaginary parts may be “less” biased than time lags (after all,
the mean of the argument of a complex number is not necessarily equal to
the argument of the means). However, it is not easy and/or straightforward
to quantify the difference.
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segments. EP16b showed that, in the presence of measurement er-
rors, if the light curves are intrinsically coherent (i.e. the intrinsic
coherence function is equal to unity at all frequencies), then the ob-
served coherence should be well fitted by a function like the one de-
fined by equation (25) in EP16b. We fitted the observed coherence
functions by this equation, and we determined the frequency νcrit at
which the observed coherence is equal to 1.2/(1 + 0.2m) (EP16b).
According to these authors, at frequencies higher than νcrit eq. (2)
underestimates the error of the time-lag estimates, their distribution
is uniform, and their mean value converges to zero, irrespective of
the intrinsic time-lag spectrum. On the other hand, at frequencies
lower than νcrit, eq. (2) is a reliable estimate of the time-lags er-
ror and their distribution is (approximately) Gaussian (as long as
m > 20).
The observed time-lag spectra for the three sources, estimated
up to ν = νcrit, are shown in Fig. 1. The time-lags are estimated over
a frequency range that is much broader than the frequency range
of the “iron-line vs. the continuum” time-lags of EP16a. This is
mainly due to the larger signal-to-noise ratio of the light curves we
use in this work. This fact allows the reliable time-lags estimation
at higher frequencies.
The low frequency time-lags are positive in all sources. They
are indicative of the continuum, hard lags, that are routinely ob-
served in all X–ray bright, compact sources. On the other hand,
negative (i.e. soft band lags) are clearly visible at frequencies which
are typically higher than ∼ a few times 10−4 Hz, in all three sources.
We note that we have kept the y−axis the same in all sources
(Fig. 1), so that the amplitude of both the positive and negative
time-lags can be directly compared between them.
4 MODEL FITTING AND RESULTS
4.1 The model
The KYNREFREVmodel (Dovcˇiak et al. 2018, in prep.) estimates the
theoretical time-lags in the case of the lamp post geometry. The
model was developed with the main aim to be used within XSPEC.
In this way, it is straight-forward to fit the model to observed time-
lag spectra. In addition, the model is reasonably fast. For example,
the estimation of the theoretical time-lag spectrum for a given set
of parameters takes a few seconds only in a portable computer. The
main physical parameters of the model are:
(i) The BH mass, M8 (in units of 108M⊙).
(ii) The angular momentum (−1 6 a 6 1)), i.e. the BH spin in
geometrized units.
(iii) The height, h, of the X-ray source (in units of rg = GM/c2).
(iv) The viewing angle, θ0, of a distant observer with respect to
the axis of symmetry of the disc, and
(v) The observed primary X–ray flux in the 2-10 keV band,
L2−10 (in units of the Eddington luminosity, LEdd).
The disc is assumed to be geometrically thin, Keplerian, co-rotating
or counter-rotating with the BH, with a radial extent ranging from
the inner edge of the disc, which is equal to the innermost sta-
ble circular orbit, rISCO, up to the outer radius (rout = 103 rg).
The spin of the BH uniquely defines rISCO. When measured in ge-
ometrized units, the spin can attain any value between zero for a
Schwarzschild BH (in which case rin = 6 rg), and either -1 or 1 in
the case of a counter and co-rotating disc around a rapidly spinning
BH (in which case rin = 9 rg and 1 rg, respectively). The primary X-
ray source (i.e. corona) is assumed to be a point-like region, located
on the rotation axis at height h above the BH. It emits radiation
with a spectrum of the form Fp∝E−Γe−E/Ec , where Ec = 300 keV.
The source emits isotropically, in its own frame.
The model takes into account all the relativistic effects in the
propagation of light from the primary source to the disc. It estimates
the incident flux on each disc element, as a function of time, and
then uses the REFLIONX3 FITS table files (Ross & Fabian 2005)
to compute the local reprocessing of the incident radiation in the
ionized accretion disc.
The ionization of each disc element, ξ(r, φ, t), is set by the
amount of the incident primary flux, F(r, φ, t), and by the density of
the accretion disc, n(r), as ξ(r, φ, t)∝F(r, φ, t)/n(r). Where φ is the
azimuth. We assumed a constant-density disc configuration. This
choice should not affect significantly the results (but see Sec. 4.2),
because the radial dependence of any realistic density profile is
much less significant than the radial decrease of the disc illumi-
nation by the lamp-post corona (see, e.g., Fig. 3 by Svoboda et al.
2012).
The model also takes into account all relativistic effects in the
light path from the disc (and from the primary source) to the ob-
server. It estimates the disc “response function” (which determines
the disc emissivity, as a function of time, at any given energy band)
and its Fourier transform (i. e. the disc “transfer function”). Using
this function, and taking into account the amount of the primary
and reflected component fluxes in each energy band (to account for
dilution effects), the code computes the model time-lags.
The model also includes a phenomenological, power-law like
prescription for the hard (i.e. positive) time-lags at low frequencies,
of the form:
τ(ν) = Aν−s . (4)
The power-law like assumption of the low-frequency positive
lags is a good description of the observed time-lags in various en-
ergy bands of many AGN (e.g. EP17). The overall time-lags are
equal to the sum of the reverberation model time-lags plus the hard
time-lags model, as defined above. This prescription (i.e. the ob-
served time-lags are equal to the summation of the two compo-
nents) is valid as long as the geometry of the X–ray source/inner
accretion disc stays the same, as explained by EP17.
4.2 The best-fit results
Although the time-lag spectra shown in Fig. 1 are among the best
time-lag spectra that can be estimated for AGNwith the present day
data, they are still not good enough to determine, accurately, all the
model physical parameters. For that reason, during the model fitting
procedure we kept several of the model parameters fixed to certain
values, as we explain below.
1) We considered only two BH spin parameters: a = 0 and
a = 0.99. For a given BH mass and X–ray source height, the ef-
fects of the BH spin to the time-lag spectra are rather subtle (see
e.g. EP16a and Dovcˇiak et al. 2014). For that reason, we decided to
fit the data in the two extreme cases of a non-rotating and a rapidly
rotating BH. Our objective here is to investigate whether the ex-
isting data can indicate, with a high confidence, whether the BHs
in these sources are rotating or not, irrespective of whether we can
accurately determine the BH spin.
2) We kept the BH mass values fixed at the values listed in
Tab. 1. In the lamp-post geometry, the BH mass and the height of
3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/newmodels.html
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Table 1. Best-fit parameters when we fit data with spin fixed to
rapid and zero (left and right column, respectively). In all cases,
L2−10 = 0.01 (LEdd).
a (GM/c) 0.99( f ) 0.0( f )
ARK 564
(M8 = 0.023( f ,a), Γ = 2.5 ( f ))
θ0 (deg.) 614 660
h (rg) 2.8+0.4−0.5 2.2
+0.4
−0.1
Density (1015 cm−3) 0.20+0.23−0.12 12
+7
−10
A (8.4±1.2)×10−5 (t) –
s 1.60±0.03(t) –
χ2/ν 1.42 (70/49) 1.40 (69/49)
p-value 0.027 0.03
MCG 6-30-15
(M8 = 0.016 ( f ,b), Γ = 2.0 ( f ))
θ0 (deg.) 630 660
h (rg) 3.8±0.5 3.4±0.8
Density (1015 cm−3) 170±150 11+11−9
A (2.7±0.4)×10−3 (t) –
s 1.25±0.03 –
χ2/ν 1.37 (49/36) 1.34 (48/36)
p-value 0.07 0.08
1H 0707-495
(M8 = 0.023 ( f ,c), Γ = 2.5 ( f ))
θ0 (deg.) 22+4−5 21
+9
−11
h (rg) 3.6±0.3 3.1±0.3
Density (1015 cm−3) 190+50−40 3.8
+2.1
−1.3
A (4.1±0.4)×10−4 (t) –
s 1.50±0.03(t) –
χ2/ν 1.42 (84/59) 1.53 (90/59)
p-value 0.018 0.005
Frozen and tied parameters in the fit are indicated by (f) and
(t), respectively. Errors correspond to the 68% confidence in-
tervals. References for the BH mass estimates are as follows:
(a) Vestergaard & Peterson (2006), (b) Bentz et al. (2016), (c)
Zhou & Wang (2005).
the X–ray source affect the amplitude of the reverberation time-
lags in the same way: the larger the BH mass, and the larger the
height, the higher the (negative) time-lags amplitude will be at low
frequencies. If the adopted BH mass estimate is larger/smaller than
the real BH mass in these systems, then the best-fit source height
should be decreased/increased by the same factor.
In fact, it is even possible that the model will not be able
to fit the data if the adopted BH mass is too large. This is ac-
tually the case with 1H 0707-495. The BH mass estimate listed
in Tab. 1 is based on the empirical relation between BH mass,
luminosity at 5100 Å and the full width at half maximum of
Hβ (Kaspi et al. 2000). Recently, Pan et al. (2016) using a simi-
lar method (Vestergaard & Peterson 2006) and more recent data,
published a BH mass estimate which is ∼ 2.3 times larger that the
value listed in Tab. 1. When we repeated the model fit with the BH
mass fixed at the new estimate, the best-fit height was pegged at
the lowest possible value allowed by the model (i.e. h = 2.1 and
1.1 rg, when a = 0 and a = 0.99, respectively) and the fit quality
was very poor (χ2≈200/59 for both spins). If indeed the BH mass
in this source is larger than ∼ (2 − 3)×106 M⊙, then the lamp-post
model cannot explain its reverberation time-lag spectra.
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Figure 1. The (0.3-1 versus 1-10 keV) X-ray soft time-lag versus frequency
spectra of the three Seyferts. Solid black and dashed-red lines show the
a = 0.99 and a = 0 fits of the data with the KYNREFREVmodel (we used the
filled points only for model fitting in the case of the data from MCG 6-30-
15 and 1H 0707-495 – see text for details). Filled black and open red circles
indicate the a = 0.99 and a = 0 best-fit residuals.
3) We fixed the power-law index of the primary flux energy-
spectra to the values listed in Tab 1. These are similar to the best-fit
spectral slope values that have resulted from model fits to recent
X–ray spectra of the sources (see Sec. 2). We repeated the model
fits by adopting Γ = 2 for Ark 564 and 1H 0707-495 and Γ =
2.5 in the case of MCG 6-30-15. The best-fit results were almost
identical to those listed in Tab. 1. This shows that the chosen Γ
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values should not seriously affect either the quality of the fit or the
best-fit parameters.
4) We also kept L2−10 fixed at 1% of the Eddington limit, in all
sources. The value of this parameter affects the ionization state of
the disc (for a given BH mass and h). We discuss in the next section
how does this choice affect our results.
5) We kept the iron abundance fixed at one. If the iron abun-
dance is significantly larger than one, as could be the case for
1H 0707-495 (see for example, Fabian et al. 2012), then the reflec-
tion component will be stronger, and the resulting best-fit height
will increase. We generated model time-lag spectra, using the best-
fit parameter values listed in Tab. 1 with iron abundance equal to 1
and 7, and we saw that they differ by an amount smaller than the
error of the observed time-lags error. We therefore conclude that
the use of an iron solar abundance should not affect significantly
our results.
We observe a low frequency turn-over in the time-lag spectra
of 1H 0707-495 and MCG 6-30-15 (see Fig. 1), in agreement with
the results of EP17. This turnover could be due to warm absorber
variations which respond to changes in the ionising source (e.g.
Silva et al. 2016). In any case, we decided to ignore the time-lags
at the two lowest frequencies in these two sources, because the best-
fitting results change significantly depending on whether we keep
them or not.
The best-fit results are listed in Tab. 1. We report the 1σ
errors (and upper limits) on the best-fit model parameters. Red
and black lines in Fig. 1 show the best fit models in the case of
a Schwarzschild and a rapidly rotating BH, respectively. Best-fit
residual plots are also shown in Fig. 1.
We note that we fitted the observed time-lags with the a = 0
and a = 0.99 models simultaneously, and we kept the amplitude
and index of the empirical power-law component (which accounts
for the low-frequency hard lags) tied between the two models dur-
ing the fits. In this way, we force the two reverberation models to
fit the data assuming the same hard lags component. Since we do
not have a prior expectation of what the continuum lags should be,
we also fitted the data with the a = 0 and a = 0.99 models by free-
ing the power-law parameters, i.e. by assuming different continuum
lags to one another. Not surprisingly, the models fit the data as well
as when we keep the power-law parameters tied. The best-fit power
law parameters are consistent (within the errors) between the a = 0
and a = 0.99 models, and with the best-fit parameters listed in
Tab. 1. The best-fit inclination, height and disc density values are
also consistent with the values listed in Tab. 1, although their errors
are ∼ 10 − 30% larger.
Our results suggest that the X-ray source in these sources
should be located very close to the central BH. For example, ac-
cording to our best-fit results, the X–ray source height may be as
low as ∼ 2.5rg in Ark 564. We conclude that the observed time-lags
in these Seyferts strongly suggest a compact X-ray source, which
is located close to the BH, at a height smaller than ∼ 4rg. This re-
sult does not depend on the BH spin. No matter whether the BH is
rapidly spinning or not, the height of the X-ray source should be
very low in these sources.
There is no significant statistical difference between the qual-
ity of the best-fits in the rapidly and zero spinning BH scenarios in
Ark 564 and MCG-6-30-15. Both models can fit equally well the
data with different combinations of h, θ0, and disc density (i.e. ion-
ization state). However, this is not the case in 1H 0707-495. The
p−value of the a = 0 best-fit is low. The best-fit residuals of the
a = 0 fit do not show a significantly different structure than the
a = 0.99 residuals (bottom panel in Fig. 1), but they are systemat-
ically worse, specially at high frequencies. We therefore conclude
that the hypothesis of a non-rotating BH in 1H 0707-495 is not
supported by our results.
Statistically speaking, all the other fits are formally accepted,
with p−values larger than 1%. However, in Ark 564 and 1H 0107-
495, the p−values are quite low (around 2−3%). The poor quality of
the model fits is mainly due to the wavy-residuals which are clearly
present in the respective best-fit residuals. A similar pattern is less
pronounced in MCG-6-30-15 (hence the better quality of the best-
fits in this case). This result suggests that the X–ray source/disc
geometry in the inner region of AGN may be more complicated
than the lamp post geometry.
4.3 The effects of disc ionisation
The disc ionization affects significantly the strength of the reflec-
tion component at low energies. Therefore, it should also affect
the amplitude of the reverberation time-lags. In our model, the
disc ionization is set by the amount of the incident primary flux
and the density of the accretion disc. For a given BH mass and
source height the incident flux on the disc is determined by L2−10.
In order to investigate how the disc ionisation affects our results,
we refitted the data assuming that: a) the disc density is the same
at all radii and L2−10 = 10% of the Eddington limit, and b) the
disc density decreases with increasing radius as r−1 and r−2 (while
L2−10 = 0.01 LEdd, like the fits we performed so far).
Our results showed that the best-fit h values remained small
(i.e. less than ∼ 5 − 6rg), in all cases and for all sources. Depend-
ing on the model fit, the other model parameters were changing in
such a way that the best-fit source height was always low. Neither
did the best-fit statistics change, except in 1H 0707-495. When we
increased L2−10 to 0.1 the a = 0 model provided a good fit to the
data. This was also the case when we considered the variable disc
density. Additionally, the quality of the a = 0.99 best-fit model
when n(r) ∝ r−2 was poor (χ2 = 102 for 59 degrees of freedom).
If the BH is indeed rapidly spinning in this source, the disc density
cannot be decreasing very fast with radius.
5 DISCUSSION AND CONCLUSIONS
We report the results obtained by fitting the KYNREFREV model to
the 0.3–1 versus 1–10 keV time-lags in three X–ray bright AGN
(namely, Ark 564, MCG 6-30-15 and 1H 0707-495). These are
among the most frequently observed AGN with XMM-Newton. We
fitted the data by assuming either a rapidly spinning or a non-
rotating BH. KYNREFREV can be used to fit both the energy and
the time-lags (either plotted as a function of energy, at a given fre-
quency, or as a function of frequency, between two energy bands).
In fact, this should be the ideal approach. Simultaneous fitting of
the time-lags and the average energy spectrum spectrum has the
potential to break a lot of degeneracies in our model fit results (see
below). It should be possible, for instance, to constrain the ion-
ization parameter fairly well by also fitting the model to the spec-
trum. Nevertheless, it is not a straight forward exercise, specially
for highly variable sources. We are working on this, but in this pa-
per we present our results from the model fit to the average time-lag
spectrum only. The main results can be summarized as follows:
1) The X–ray source is located very close to the central BH.
The best-fit height values are less than ∼ 4 rg. This is a major result
of our study. It does not depend on the BH spin and/or the disc ion-
ization but it does depend on the assumed BH mass. If the adopted
c© 0000 RAS, MNRAS 000, 1–10
Testing the KYNREFREV model 7
M8 value is close to reality, then the observed time-lag spectra re-
ally suggest that the X-ray source in these objects is located very
close to the central BH.
2) Both the high and zero spin models can fit the data well.
3) The best-fits to the Ark 564 and 1H 0707-495 data are of
rather low quality. We detect residuals around the best-fit reverber-
ation model time-lags at high frequencies. This result suggests that
the simple lamp-post geometry does not fully explain the X-ray
source/disc configuration in AGN.
Our best-fit heights are different than those reported in the lit-
erature but it is not straight forward to compare our results with
the previously published results (which we list in Sec. 2). We can
think of many reasons for these differences. For example, we and
E14 use more or less the same data, and the same energy bands
to estimate the time-lag spectra, but they assumed different BH
masses, and used different time-lags estimation methods. This is
the reason why the time-lags vs. frequency plots in our Fig. 1 and
in their Fig 8 are not the same, despite their overall similarity. Our
time-lag spectra have a much better frequency resolution, different
normalization at low frequencies, and they cover a different fre-
quency band. These differences can affect the best-fit results. In ad-
dition, E14 did not consider the disc ionization in their model. This
is an important issue, which can affect the best-fit height values. In
fact, it is worth mentioning here that we use REFLIONX to estimate
the disc ionization, which assumes a constant density slab. Instead,
assuming vertical hydrostatic equilibrium can reduce the amount
of soft emission in the reflection spectrum (e.g. Nayakshin et al.
2000). Therefore, if we had used a hydrostatic equilibrium model,
the best-fit source heights could be smaller than the ones we report
in this work.
5.1 Limitations of our modeling
A caveat of our analysis is that we used all the combined data
together in the calculation of the time-lags. It is possible that the
time-lag spectra vary with time (if, for example, the X–source/disc
geometry, i.e. height and inner disc radius, varies with time). For
example, Alston et al. (2013) analysed the data from NGC 4051 (a
source not included in our sample) and they found indication of dif-
ferences between the time-lags in various flux states of the source.
Indeed, we cannot divide the available data for the sources we study
in various flux states, as the number of the resulting light curve seg-
ments will not be large enough to allow for a statistically significant
comparison between the resulting time-lag spectra. We suspect it is
not possible to investigate, with the current data sets, whether the
time-lag spectra of the sources in our sample vary with time or not,
but we plan to investigate this in a future work.
The estimation of the model time-lags will be discussed in de-
tail in Dovcˇiak et al. (2018, in prep.). Roughly speaking, the model
estimation is done along the lines explained in Sec. 4 of EP16a.
A crucial step in the model estimation is the determination of the
so-called disc response function, which determines the response of
the disc to an instantaneous flare of continuum emission. In doing
so, the model in its current form does not take into account the
response of EPIC-pn, and assumes that all the emitted photons in
both bands are detected with the same probability by the instru-
ment. Although this assumption may apply (to some extent) to the
low energy band, this should not be the case for the 1–10 keV band,
where the response of the instrument varies significantly across this
band. As a result, the average energy of the photons detected in this
band will be softer than the energy in the case when the EPIC-
pn response was energy independent. It is difficult to quantify the
effects of this problem. The amplitude of the low-frequency, hard
lags will be smaller than in the case of a flat response (as these time-
lags depend on the energy separation between the light curves). As
for the reverberation time-lags, as long as the continuum photons
detected in the 1–10 keV band trace well the continuum variabil-
ity, the time-lag spectrum should not be significantly affected. To
test this hypothesis, we used the best-fit parameter values listed in
Tab. 1 in the case of 1H 0707-495, and we calculated the model
time-lags as a function of frequency for the energy bands we con-
sidered as well as the 0.3–1 vs. 1–4 keV, and the 0.3–1 vs. 2–5 keV
time-lags. In this way we try to investigate the effects of the differ-
ent mean energy in the reference energy band when we take into
account the response of the detector. We found that the difference
between these model time-lag spectra is smaller than the error of
the observed time-lags. Therefore, we do not expect that the fact of
not taking into account the response function of EPIC-pn to signif-
icantly affect our results. This may affect the time-lags (at a certain
frequency) vs. energy plots (depending on the energy limits of the
reference band, on the width of the energy bands etc). In any case,
we plan to include the response of the detector in future versions of
the code.
As we explained in Sec. 4.1 we assumed a power-law model
for the continuum, hard lags, and we then added this model to the
reverberation time-lags. Whatever is the reason for the continuum
time-lags, it may result in spectral slope variations of the contin-
uum. We have modeled the reverberation time-lags assuming an
X-ray source with a constant spectral slope and a variable ampli-
tude, without taking into account the hard time-lags, intrinsic to the
X–ray source. Recently, Mastroserio et al. (2018) explored a more
self-consistent way of including the continuum time-lags when es-
timating the reverberation time-lags and showed that adding the
continuum lags as a separate model component without accounting
for the resulting non-linear effects can somewhat bias the results.
We suspect that this effect should not significantly bias our results,
at least when compared to the biases that are present from all the
other effects, but it has to be addressed in a future work.
5.2 The black hole spin
Our work shows that model fitting of the time-lag spectra alone
cannot tell whether the BH in these AGN is rapidly spinning or not
rotating at all. This is in agreement with the results of EP16a who
showed that, in the case of the lamp-post geometry, the BH spin
does not affect significantly the disc transfer/response functions (for
a given BH mass and source height). Their work did not include the
effects of disc ionization, but our modeling does take into account
these effects.
Including disc ionization to the model has two noticeable ef-
fects. First, the ionized disc results in a stronger reflection com-
ponent, specially in the 0.3-1 keV band. Consequently, the X-ray
source height turns out to be significantly higher than when the disc
ionization is absent. This is the case for example with 1H 0707-495.
E14 fitted the soft band time-lags of this source using a model sim-
ilar to ours but without considering the effects of ionization. They
found h = 2.4+0.6−0.3 rg, and a moderate spin of a ∼ 0.3. We find a
significantly larger height (h = 3.6 ± 0.3 rg) when a = 0.99. For
small source heights, the X–ray continuum is significantly reduced
(due to light bending, most of the continuum flux goes directly to
the BH and not to the observer). Our best model fit prefers a higher
height, because we increase the soft excess (due to ionisation), and
at the same time, the increase of the continuum dilution (due to the
larger height light bending is not as important) is not as much as
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the increase in the soft excess due to ionisation. Low height (i.e.
h < 3 rg) and a rapidly spinning BH is a forbidden configuration
for this source. Such a model would predicts such a high reflection
fraction that phase-wrapping should appear, contrary to what we
observe.
Secondly, disc ionization is one more extra parameter that can
be adjusted in such a way so that both the a = 0.99 and a = 0
models can fit the data equally well. In the a = 0 models, the source
height and the disc density usually adjust themselves in such a way
so that the strength of the reflection component turns out to be the
same as with the a = 0.99 models, contrary to the smaller distance
between the X-ray source and the disc inner radius in the former
case (a = 0).
The only way to investigate the BH spin with the time-lags
is if we manage to improve the observed time-lag spectra. This
does not necessarily mean smaller error bars, but rather extending
the time-lags estimation to higher frequencies. The x–axis in Fig. 1
is extended up to 10−2 Hz. The main reason was to plot the best-
fit models at high frequencies and show a peculiar ”spike” in the
a = 0.99 best-fit model to the Ark 564 and MCG-6-30-15 data, at
around ∼ (3 − 5) × 10−3 Hz.
This feature is due to the so-called phase-wrapping: since the
phase-lags are defined on the interval (−π, π], it is possible that this
function will exceed π at a certain frequency. In this case, it will
“flip back” to the value of −π (and vice-versa). The frequency at
which phase wrapping will occur depends on the strength of the re-
flection component. The stronger this component in the 0.3–1 keV
band, the lower the frequency at which the phase wrapping will
occur. In fact, this frequency is low enough in the case of 1H 0707-
495 to discard the rapidly spinning BH/low lamp height solution.
So, based on the best-fit model plots in Fig. 1, if we manage to ex-
tend the Ark 564 and MCG-6-30-15 time-lags estimation at least
to ∼ (5 − 6) × 10−3 Hz, we will be able to tell whether the BH is
rapidly spinning or not.
This is in particular the case for Ark 564. Both the spin zero
and rapidly spinning solutions for this source suggest a low-height
lamp and an almost face-on disc geometry, but the difference in
the disc ionization is significant. For the rapidly spinning solution
the ionization is much higher than the case of the zero spin BH.
This translates into a dramatic phase-wrapping effect at high fre-
quencies, because of the extreme reflection for the case of rapidly
spinning BH.
Another possibility to investigate the BH spin in these objects
is to study the time-lags at a fixed frequency as a function of energy.
Fig. 2 shows the predicted time-lag spectra versus energy from our
best-fit models. The left and right panels show the a = 0.99 and
a = 0 model time-lags (black and red lines, respectively) at 10−4
and 10−3 Hz frequencies (left and right panels, respectively). In
all cases, time-lags are measured with respect the 1–10 keV band.
These plots show that the largest differences between the high and
zero spin solutions appear at energies above 10 keV.
The time-lags vs. energy plots are almost identical in the case
of MCG-6-30-15. There are differences at energies above ∼ 10 keV
in 1H 0707-495 and, especially, in Ark 564. Both the zero and
rapidly spin solutions for this source suggest a low-height lamp
and an almost face-on disc geometry. However, the best-fit height
is smaller in the Schwarzschild solution. The difference between
the a = 0 and a = 0.99 time-lags energy spectra above 10 keV
could be due to the fact that the X–ray source in the a = 0 case
should be located just above the horizon. As a result, the strength
of the reflection component (which originates much further away)
will be much more pronounced in this case.
However, it is not straight-forward to estimate time-lags at en-
ergies above 10 keV with the current data sets. The only usable data
are those collected by NuSTAR, however the resulting light curves
are not evenly sampled, and their length may not be long enough
for a reliable estimation of the time-lags at these energies.
5.3 The case of an extended corona
As we mentioned in Sec. 4 the time-lag versus frequency spectra
show wavy-residuals which are clearly present in the best-fit resid-
uals, in particular in the case of Ark 564 and 1H 0707-495 (see
the residual plots in Fig. 1). These residuals are responsible for the
relatively poor statistics of the best-fit models, and suggest that the
simple lamp-post geometry (which the KYNREFREVmodel assumes)
may not be an accurate representation of the X–ray/disc configura-
tion in the inner region of AGN.
This may not be surprising since the lamp-post geometry, al-
though widely assumed in the literature, is probably a simplifica-
tion of the real situation. A more complicated model has been re-
cently proposed by Chainakun et al. (2017). Their model consists
of two co-axial point sources illuminating the accretion disc. It as-
sumes that the variations of two X-ray sources are triggered by the
same primary variation, but the two sources respond in different
ways. The total time-lags are the result of a combination of both
the source and disc responses. Their model predictions appear to be
in agreement (qualitatively) with the peaky residuals in our Fig. 1
(see their Fig. 4). We plan in the future to implement an option to
KYNREFREV to account for a spatially extended azimuthally sym-
metric corona in a few simplified configurations.
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